1. Introduction {#sec1}
===============

Titanium-doped sapphire is an excellent and widely-used gain medium, with an active ion which has a large bandwidth in a host crystal that is hard and has high thermal conductivity \[[@r1]\]. The high saturation intensity requires longitudinal laser pumping by a high-brightness beam mode tightly focused to approximately 30*μ*m in the crystal. The first Ti:sapphire CW and ultrafast mode-locked lasers were pumped with Argon-ion lasers \[[@r2]\] (488nm, 515nm) near the peak of the absorption curve for the Ti^3+^ ion. Currently, expensive Nd:YVO~4~ intracavity doubled pump lasers (that cost ≈\$20k for 3W output) are typically used to pump Ti:sapphire oscillators. Other alternative pumping sources for Ti:sapphire include optically-pumped semiconductor lasers \[[@r3]\], frequency-doubled DBR-tapered diode lasers \[[@r4]\] and frequency-doubled Yb fiber lasers \[[@r5]\]. The low cost of direct diode pumping has led to the investigation of other ultrafast laser materials, such as Cr:LiSAF \[[@r6]--[@r8]\], Yb-doped materials \[[@r9]\], and other gain media farther in the infrared \[[@r10]\]. A Cr:LiSAF laser was pumped by two collinear broad stripe laser diodes by Wagenblast *et al* \[[@r7]\]. With an emitting area of 100*μ*m × 1*μ*m, the highly aberrated slow axis was difficult to focus tightly, leading to a focal spot size aspect ratio of approximately 3.5:1, and a short depth of focus of 0.8mm. However, by using the high beam quality of a tapered laser diode \[[@r11]\], the output power of the Cr:LiSAF laser was dramatically improved \[[@r8]\].

Although high-power laser diodes very near the peak absorption of Ti^3+^ at 500nm are not yet available, the recent development of 445 nm diodes \[[@r12]\] at high power (over 1W) has opened up the possibility of directly diode-pumping Ti:sapphire oscillators. These diode lasers have an emitter area of approximately 15*μ*m × 1*μ*m. Although frequency-doubled diode lasers can be used to pump Ti:sapphire lasers \[[@r4]\], the simplicity, robustness and cost savings of direct diode pumping is attractive: 445nm diodes can be less than US\$400 for a complete double laser package producing 2.2 W. Recently, work by the University of Strathclyde in Scotland, demonstrated the direct diode pumping of a Ti:sapphire laser oscillator \[[@r13]\], and subsequent modelocking by use of intracavity prisms and a saturable Bragg reflector (SBR) \[[@r14]\]. In this paper, we report the sustained Kerr lens modelocking of a Ti:sapphire oscillator using 2.2 W of 445 nm laser diodes and intracavity prisms. In our system, there is no SBR or SESAM to assist in modelocking. Moreover, we do not observe parasitic losses that were seen by Roth *et al* and attributed to the short pumping wavelength \[[@r13]\]. Direct diode-pumped Ti:sapphire lasers have great promise to increase reliability and portability for a new generation of ultrafast laser systems.

2. Laser configuration and results {#sec2}
==================================

2.1. Oscillator design and pumping system {#sec2-1}
-----------------------------------------

The layout of the oscillator ([Fig. 1(a)](#g001){ref-type="fig"}) is based on a standard commercial KMLabs oscillator \[[@r15]\]. It was modified to run at low pumping threshold by using slightly shorter focal length curved mirrors (86 mm ROC compared to 100mm), and 1% output coupling mirror centered at 800nm. The Brewster-angle Ti:sapphire crystal is 4.75 mm thick with an absorption coefficient of *α* = 3*cm*^−1^ at 514nm and *α* = 2*cm*^−1^ at 445nm, giving 60% absorption of the pump light. The crystal has a figure of merit of greater than 200. The laser is pumped by two 1.2 W 445 nm laser diodes that are polarized along the long axis of the diode output facet. For both diodes, this long facet axis was oriented in the horizontal (x) direction, so that the beam diverged faster in the vertical (y) direction. To avoid pushing the diode lasers to their rated limit, the laser diodes were operated at 1W each, with 1.8W delivered through all optics to the crystal. The diode lasers were collimated by aspheric lenses followed by a 3:1 cylindrical telescope applied to the slow axis. We observed that the fast and slow axes of the diode beam, when collimated only with the aspheric lens, focused to different planes, so the cylindrical telescope was adjusted to place the two beam waists at the same plane. The diodes were TEC-cooled to stabilize the output power. For these diodes we observed very little temperature tuning of the wavelength. The intracavity prisms used for dispersion compensation are fused silica, and are placed 650 mm apart.

![(a) Layout for diode-pumping Ti:sapphire laser with two beams. (b) Photograph of laser in operation.](oe-20-13-13677-g001){#g001}

Aside from the slightly smaller mirror radius and the low output coupling, the laser design is conventional. The most important factor for stable operation is to get as much pump power absorbed in a sufficiently small spot in the crystal. The laser cavity was first optimized using a beam from a frequency-doubled Nd:YVO~4~ laser. In initial experiments, we used 6mm focal length aspheric lenses to collimate the pump beams and focused them with 50 mm lenses onto the Ti:sapphire crystal from both sides. Slight angular detuning of the beams was important to avoid feedback from one diode into the next. Later we developed a more robust configuration in which we used 4mm aspheric lenses and directed them side-by-side along the horizontal direction into the 50mm pump lens from one side of the crystal. The blue pump beams were reflected off a dichroic mirror through which the 532nm pump beam passed. This allowed us to keep the laser above threshold while optimizing each blue pump beam individually.

Kerr lens modelocking is initiated by introducing an intensity spike by rapidly moving one of the prisms. Using counter-propagating pump beams we were able to obtain approximately 40mW of mode-locked output power; pumping from the same side, 34mW. When pumping with the 532nm beam alone, we are able to initiate and sustain modelocking at a pump power of 500mW, with an output power of 30mW. This is comparable to early work on low-threshold Ti:sapphire lasers \[[@r16]\], though not quite as low as seen by Kowalevicz et al. \[[@r17]\] or Roth et al. \[[@r14]\]. We directed the output beam through a pair of chirped mirrors to compensate for the dispersion of the output coupler, then sent the beam into a scanning frequency-resolved optical gating (FROG) pulse measurement system. [Figure 2](#g002){ref-type="fig"} shows the FROG trace along with the deconvolved time- and wavelength-domain intensities and phases. As is typical with these lasers, the spectral shape is controlled by the prism and the curved mirror positioning. We obtained a pulse with 15fs full-width at half-maximum duration. Temporal smearing from the beam crossing angle in the FROG device may lead to measured duration that is 1--2fs longer than the actual duration. The output beam quality is excellent, with a measured *M*^2^ value that is very close to 1.0 ([Fig. 3(a) and 3(b)](#g003){ref-type="fig"}). When the modelocking is interrupted, we find that the CW power is lower than the mode-locked power by a factor of 3. This strong preference of the laser for Kerr-lens modelocking leads to high long-term stability. The power output of the blue diode-pumped Ti:sapphire (measured with a diode power meter) is compared to a similar commercial laser (KMLabs Griffin) pumped with 532nm, and measured with a pyroelectric meter ([Fig. 3(c)](#g003){ref-type="fig"}). When covered in a box, the DDPTS laser stays mode-locked indefinitely with a measured RMS noise of 1.3%. We do not observe the photo-darkening described in earlier work by Roth \[[@r13]\].

![(a) Frog trace. (b) Deconvolved temporal intensity and phase (black, blue). c. De-convolved spectral intensity and phase (black, blue). Separately measured spectrum (red).](oe-20-13-13677-g002){#g002}

![(a) Output beam profile. (b) X and Y beam width through focus. (c) Output power vs time from start up comparing DDPTS (blue) with Ti:sapphire laser pumped with a diode-pumped Nd:vanadate laser (green).](oe-20-13-13677-g003){#g003}

To provide more information about the pump-laser mode overlap, we collected pump and laser light that leaked through the curved mirror opposite the pump mirror (see [Fig. 1](#g001){ref-type="fig"}) with a 50mm focal length lens. After propagation of 1m, the beams were directed into the lens (*f* = 300mm) of an *M*^2^ beam profiler. We measured the variation of the beam size through the focus for the pump beams together, the IR mode-locked beam, and the IR CW beam. By performing a ray trace of the optics, we mapped the measured spot sizes back to the crystal. The plots of the beam sizes are shown in [Fig. 4(a)](#g004){ref-type="fig"}, where the stretching due to the Brewster cut of the crystal in the *x*--direction is ignored. Some astigmatism in the *x*-- and *y*--profiles is seen, which is expected since the output beam reflects from the tilted curved mirror before leaving the laser. Interestingly, there is a shift in the axial position of the waist when the modelocking of the laser is interrupted and the laser operates in the continuous wave regime. The beam profile of the combined blue pump beams is shown in [Fig. 4(b)](#g004){ref-type="fig"}. The beam profile is narrower in the *y*--direction as expected for the fast axis, with a FWHM of approximately 24*μ*m, which is somewhat larger than the infrared mode. There is a substantial fraction of the pump power that is in a tail in the *y*--direction. If this can be improved with better quality optics, the output power of the oscillator would increase. The mode size of the pump is seen to vary little through the length of the crystal in the vertical direction, but owing to the crossed pump beams in the horizontal direction, the size in the *x*--direction increases by approximately 50% at either end of the crystal relative to its value in the center.

![(a) Variation of the infrared beam and vertical pump mode beam sizes (FWHM) with axial distance within the crystal. Red: CW mode, Purple: mode-locked mode, Blue: vertical (y) pump mode; Dashed: x cross-section, Solid: y cross-section. Due to chromatic aberration in the imaging optics, the exact axial alignment of the blue and IR waists is uncertain. (b) Image of the two crossed pump beams with transverse scale corresponding to size in the crystal. FWHM in the x-direction is approximately 80*μ*m, in the y-direction 24*μ*m.](oe-20-13-13677-g004){#g004}

3. Discussion {#sec3}
=============

The conventional understanding of soft-aperture Kerr-lens modelocking \[[@r18],[@r19]\] is that the nonlinearity allows the mode in the crystal to be smaller when mode-locked than CW. When mode-locked the beam in the crystal matches the pump mode for best power output, while the CW mode is bigger than the pump which therefore reduces the output power. For lasers directly pumped by diode lasers, the challenge is the low brightness of the pump source. In this diode-pumped Ti:sapphire laser, both the CW and mode-locked beams are smaller than the pump mode in the horizontal direction, and are similar to the pump mode in the vertical direction. In the future we plan a more detailed study of the pump/IR mode overlap; at present we make some observations about factors that can contribute to the observed efficiency of the Kerr lens modelocking in this laser. First, while the pump mode size is clearly larger than the IR mode size in the *x*--direction, they are much more closely matched in the *y*--direction. Therefore if the transition from mode-locked to CW involves a stretching of the mode in the vertical direction, it could lead to a strong difference in the gain \[[@r10]\]. In our case, there does not appear to be a strong change in the degree of astigmatism, so while this mechanism may play a role, it may not be the dominant effect. Second, it is clear that there is a measurable shift in the waist position between CW and ML operation. This can lead to a difference in the mode overlap when integrated across the crystal.

Finally, in [Fig. 5](#g005){ref-type="fig"}, we offer a simple picture of how KLM can be preferred even when the pumped area is larger than both of the ML and CW laser modes. Our simple model, based on one by Moulton \[[@r20]\] and Svelto \[[@r21]\], accounts for the spatial dependence of the gain and the laser mode to calculate the relation of output power to input power for a longitudinally pumped laser with different size Gaussian pump and laser modes (radii *w~p~* and *w*~0~, respectively). In a later paper, we will develop a more complete consideration of the mode-gain overlap that includes longitudinal effects and absorption at the lasing wavelength \[[@r22]\], but our simple model illustrates the essence of the argument.

![(a) Output power vs input power normalized to the minimum threshold power (*P~mth~*) where the laser mode size is negligibly small. Lines correspond to different values of $\delta = w_{0}^{2}/w_{p}^{2}$ Black: *δ* = 0.4, Blue: *δ* = 1, Red: *δ* = 4 (b) Output power as a function of *δ* for several values of the pump rate.](oe-20-13-13677-g005){#g005}

The threshold for lasing depends only on the gain in the crystal vs. the system losses. Since the gain is highest in the center of the pump mode, the threshold will be the lowest in the limit of small mode size. This minimum threshold pump power is $$P_{\mathit{mth}} = \frac{\gamma}{\eta_{p}}\frac{h\nu_{p}}{\tau}\frac{\pi w_{p}^{2}}{2\sigma_{e}}$$Here, *γ* is the logarithmic loss, *η~p~* is the pump efficiency, *hν~p~* is the pump photon energy, and *τ* and *σ~e~* are the fluorescence lifetime and the stimulated emission cross-section, respectively. While the pump threshold is lower for small laser mode, the slope efficiency increases with the laser mode, leveling off when the laser mode size is equal to the pump mode size. In [Fig. 5](#g005){ref-type="fig"}, *x* is the ratio of the input pump power to the minimum threshold power (*x* = *P~in~*/*P~mth~*). As can be see in the *x*-intercept of [Fig. 5(a)](#g005){ref-type="fig"}, the actual pump threshold increases with larger *w*~0~. A straightforward calculation of the mode-averaged gain shows that *P~th~*(*w*~0~) = *P~mth~*(1 + *δ*) where $\delta = w_{0}^{2}/w_{p}^{2}$. On the other hand, it can be seen that the slope efficiency is low for small *w*~0~ (black line), while the slope efficiency is nearly the same for *δ* = 1 as it is for *δ* = 4. The end result is that for operation near the minimum threshold, it is possible to obtain higher output power for *δ* \< 1 than for *δ* = 1.

[Figure 5(b)](#g005){ref-type="fig"} shows how the output power varies with *δ* for different pump powers. Lasers are normally operated with *x* \>\> 1. Consider, for example, the red curve in [Fig. 5(b)](#g005){ref-type="fig"} where *x* = 10. The output power maximizes at equal pump and laser mode size (*δ* = 1). If the mode-locked mode size is near this maximum, operation at CW with a larger mode size will result in lower output power. This is the conventional regime for Kerr-lens modelocking. However, for low pumping power, it can be seen that the maximum output power is at a laser mode size that is smaller than the pump (*δ* \< 1). This results from the strong dependence of the threshold power on laser mode size for low pump power. In our laser, the power discrimination between mode-locked and CW is a factor of 2, showing strong preference for the laser to operate in the mode-locked regime. For a given available pump power and a laser mode size (defined by the cavity), the operational variable is the size of the pump mode. Decreasing *w~p~* leads to an increase both in *x* and *δ*, so as we are able to focus our diodes to a smaller spot, we anticipate still higher output power in the mode-locked regime. This simple model only accounts for lowest-order mode overlap in the transverse direction. We are investigating a more complete model \[[@r22]\] that accounts for overlap over the whole crystal volume. For operation near threshold, higher-order modes should be suppressed in spite of the large pump mode volume. We note that relative to a crystal with high absorption efficiency, the gain in the current system is less concentrated at the entrance face of the crystal. This may help in the discrimination against larger and higher-order modes.

4. Conclusion {#sec4}
=============

We believe that this is the first demonstration of stable Kerr lens modelocking, by a direct diode pumped Ti:sapphire laser oscillator. In the previous demonstration of modelocking of a Ti:sapphire laser, \[[@r14]\] which required an SBR to sustain modelocking, the authors reported 12mW of average power in a 114fs pulse. We achieve 34mW of output power in a 15fs pulse without the need for an SBR mirror. We anticipate that with better modematching of the pump beams with the cavity mode, we could increase the output power from 34mW to 100mW. This work opens the door to much more inexpensive and robust femtosecond oscillator, and the potential for cost effective amplifier systems.
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